~," Catecholamine release was studied in cats as a function of injury severity in the fluid-percussion model of brain injury. Hyperglycemia was also studied as a function of catecholamine response and injury severity. Epinephrine (E) and norepinephrine (NE) increased as a function of injury. This increase was maximal at about a 3.0-atmosphere (atm) injury level and amounted to a 500-fold increase for E and 100-fold increase for NE. Both catecholamines increased maximally by 10 seconds postinjury. Glucose increased to about 350% of baseline at 500 seconds postinjury and also increased as a function of injury severity. Results suggested that the sympathoadrenal discharge was capable of a graded response which was maximal at about 3.0 arm. Associated with this increase were hypertension, bradyarrhythmias, tachyarrhythmias, and hyperglycemia.
M ECHANICAL brain injury is always associated
with profound systemic changes. DennyBrown and RusselP 2 clearly delineated the immediate rise in systemic arterial blood pressure (SABP) and a later fall to hypotensive levels which was accompanied by peripheral vasoconstriction. Brown and Brown 6 later examined the cardiovascular response to concussion and pointed out the nonspecificity of the traumatic response since it paralleled the cardiovascular changes seen with electroconvulsive shock and was similar across species: dog, cat, rabbit, monkey, and man. Even spinal cord injury, in particular, high thoracic 2 and cervical compression, t4 produced similar changes. 32 These responses were virtually eliminated by alpha adrenergic blockade, were unchanged by cholinergic and muscarinic blockers, and only slightly altered by beta blockade. Evans, et ak, 16 also noted that alpha blockade attenuated the postconcussive increase in blood pressure, which beta blockade may potentiate. Millen, et al., 2s noted that alpha blockade prevented not only most postinjury hemodynamic changes, but also the increase in wet/dry pulmonary weight ratios. This suggested that the adrenergic response is necessary for the development of "neurogenic" pulmonary edema. Using phenoxybenzamine, Rawe and Perot 34 were able to demonstrate the same alpha adrenergic mechanism active in generation of hypertension with spinal injury. In spite of the obvious adrenergic accompaniments of brain injury, direct measurements of plasma catecholamines have been few; however, Tibbs, et al., 44 did show a very transient two-to threefold increase after cervical cord injury.
Clearly, the bulk of the immediate cardiovascular response to concussion seems characterized by a sympathoadrenal discharge. Parallel systemic responses occur with numerous other insults to the brain and spinal cord; these seem so similar to the concussive response that a similar mechanism may underlie all. The importance of these changes may well relate to other systemic effects such as pulmonary edema z4'28 and cellular acidosis. 29 Catecholamine response may also have parallel effects with systemic "stress," such as anesthesia 3~ and multiple trauma, 25 as well as brain injury. 7 The systemic response to fluid-percussion brain injury is also characterized by immediate hypertension, bradycardia, and apnea. Recently, we reported bradycardia occurring in low-level fluid-percussion injuries; but, as the level of injury increased to heights associated with 50% mortality or more, tachycardia became the predominant response. 38 The fluid-percussion injury was always associated with immediate systemic hypertension which directly correlated with injury severity up to about 2.5 atmospheres (atm), when the relationship disappeared. Of equal interest was the log-linear relationship noted in the blood pressure rise and fall after injury. It appeared that a single event had occurred at the time of injury which initiated the rise in SABP, and then decayed at a regular rate with SABP reflecting this event. 3s
Because the events following brain injury appeared Diagrammatic display of the essential points in the "fluid-percussion" device. The central injury tube attaches to the skull via a closely fitted trephine opening. The dura remains intact and thus the salinefilled cylinder is in continuity with the epidural space. The pendulum-mounted hammer is allowed to fall through a pre-set arc and strikes the plunger; just moments prior to the impact, the pendulum triggers the sweep on the memory oscilloscope. As the impact occurs, the pressure peak is detected by a high-pressure transducer and fed to the oscilloscope where peak pressure and duration are recorded photographically and measured. The pressure impulse is directed intracranially and thus produces the injury. most consistent with a sympathoadrenal discharge, we tested the central hypothesis that fluid-percussion brain injury was associated with high levels of the circulating catecholamines, norepinephrine (NE) and epinephrine (E). Subsidiary hypotheses tested were: 1) there was a direct relationship between injury severity and catecholamine level; 2) there was a direct relationship between catecholamine response and physiological variables; and 3) hyperglycemia would occur as a function of catecholamine response.
Materials and Methods
Sixteen mongrel cats, each weighing 2.5 to 3.5 kg and of either sex, were used for this study. Anesthesia was induced using intravenous methohexital titrated to the absence of the lid reflex and followed by endotracheal intubation. Once intubated, the cats were placed on a mechanical ventilator. Intravenous pancuronium bromide (0.1 mg/kg) was used for muscle relaxation and reliable respiratory control. Ventilation was initially set at 15 cc/kg/min with a gas mixture of 70% N20 and 30% 02. End-tidal CO2 was controlled at 4.5% to 5.0% by rate adjustment, continuously monitored by an infrared CO2 analyzer, and verified by frequent determinations of arterial pO2, pCO2, and pH.
The light sleep induced by nitrous oxide was supplemented by local injection of Xylocaine (lidocaine) 2% for the placement of femoral arterial and venous cutdowns as well as the central injury tube of the fluidpercussion device. The venous catheter was threaded to the level of the fight atrium and was used for recording of central venous pressure (CVP) via a strain gauge transducer.
The femoral line was also connected to a strain gauge transducer and monitored aortic arterial pressure. Intracranial pressure (ICP) was monitored from the subdural space using an adaptation of the subarachnoid bolt; this was connected to a strain gauge transducer for continuous recording. The electroencephalogram (EEG) was monitored from biparietal screws referenced to the frontal midline. Subcutaneous electrodes were placed in all extremities for monitoring of the electrocardiogram; heart rate was calculated from this input by a Beckman cardiotachometer.* Temperature was continuously monitored by a thermocouple rectal probe and actively maintained at 39~ by a heat lamp and warming blanket. All physiological variables were recorded on an eight-channel recorder.? The cat was placed in the sphinx position in a stereotaxic head holder for connection of the injury device, ICP monitor, and EEG screws; the ear bars were removed prior to injury. These techniques have been described previously.37,38, 41 Figure 1 is a diagram of the essential points in the "fluid-percussion" device. The right-angle central injury tube is cemented in place with dental acrylic reinforced * Beckman cardiotachometer, Model R612, manufactured by Beckman Instruments, Inc., 2500 Harbor Boulevard, Fullerton, California.
t Eight-channel recorder manufactured by Beckman Instruments, Inc., 2500 Harbor Boulevard, Fullerton, California.
FIG. 2. Intracranial pressure (ICP)
is monitored by means of a modified tuberculin syringe. It is cut off, glued to the skull with dental acrylic, and has a needle and stopcock for zero adjustment and flushing of air. APE 160 tube is filled with saline and connected to a strain gauge transducer. The saline column is contiguous with the subdural space for ICP monitoring.
by two or three screws previously placed in the bone. The central injury tube is closely fitted into a trephine opening directly in continuity with the epidural space. It should be emphasized that the dura is left closed and that any bleeding from the sagittal sinus is controlled with a very small fragment of Gelfoam packing. After the central injury tube has been placed, the ICP device ( Fig. 2) is cemented in place with dental acrylic. Unlike the injury tube itself, the ICP monitor is in fluid contact with the subdural space (see below). The fluid-percussion device is then fully connected and filled with warm normal saline. All air is bled from the system, and a closed system with a very large volume of saline in direct contact with the epidural space is thus produced.
The actual injury is produced by dropping a pendulum-mounted hammer through a pre-set arc. This hammer strikes the plunger at the end of the percussion device and a pressure impulse of very brief duration is produced. This impulse is communicated directly to the epidural space and produces the injury. The peak injury pressure is monitored by a high-pressure transducer mounted close to the central injury tube. The output of this transducer is directly displayed on a memory oscilloscope. The sweep of the oscilloscope is triggered by the breaking of a small infrared beam as the pendulum nears the plunger just before the injury. The output of the oscilloscope is photographed and, since it has been previously calibrated, the peak pressure and the duration of the impulse are measured, and the waveform is preserved.
This device has the desirable quality in that duration varies very little with the peak pressure. Therefore, a Epinephrine (E) and norepinephrine (NE) rise about 500-and 100-fold respectively, by 10 seconds after injury. These values fall logarithmically for the first 1000 seconds, then appear to remain elevated with a tendency for a relative increase in NE. These samples were obtained from the aorta and the peak values are not falsely elevated by direct adrenal vein sampling. range of injuries can be studied without covariation of the duration of injury. The severity of injury relates to the peak pressure induced and this directly related to the height from which the pendulum is allowed to fall. The peak pressures have proven extremely reproducible and the pendulum is precalibrated for a given injury.
Intracranial pressure was monitored from the subdural space by an adaptation of the "Richmond screw" (Fig. 2 ). This is a tuberculin syringe cut off near the end and fitted with PE 160 tubing which is connected to a strain gauge transducer. A No. 20 needle is inserted through the wall of the syringe and allows for flushing of air and zeroing of the transducer. This device is more resistant to occlusion at high injury levels than is an intracranial needle, although care must be taken to maintain a waveform output in order to avoid fallacious low pressures. Previous work has shown that this device correlates very well with either intraventricular or cisternal needle techniques for monitoring ICP. It has the additional advantage in that it can be maintained in place for very long periods of time without violating the brain parenchyma.
The cat was then allowed to stabilize for 30 to 60 minutes before injury. All pressures were recorded with zero referenced to the level of the ear bars. Baseline values of serum glucose, E, and NE were obtained 5 minutes prior to injury. The next samples were obtained Note the massive increase in glucose at 1 hour after injury and the long latent period in its response. Peak E and NE correlated (r = 0.69, p = 0.003, and r = 0.76, p = 0.0006) with peak glucose values across injury levels (see Table 6 ).
at 10 seconds postinjury and again at 100, 500, and 1000 seconds after injury. A late sample was obtained at 1 hour postinjury.
It is important to note that all catecholamine and glucose samples were drawn from the arterial catheter. This technique avoided spuriously high values being obtained by sampling venous blood with a high catecholamine content released directly via the adrenal veins into the circulation: Our values represent catecholamine levels after dilution by at least one circulation time. Samples were obtained from two cats at each injury level beginning at 0.5 arm and increased in 0.5-atm increments to a maximum of 4.0 arm. A total of 16 cats were thus injured; the order of injury severity was randomly assigned to control for practice effects and possible systematic variation in catecholamine assays.
The sampling technique included withdrawing 1 cc of blood from the arterial catheter prior to obtaining the sample for analysis. The catheter was then flushed with 1 cc of heparinized saline after replacing the initially withdrawn blood. Extraneous stimulation of the cat was minimized and nitrous oxide sleep was maintained constant before and after injury. Muscle relaxation was used to maintain constant respiratory control and the cats were never allowed to become apneic.
After the last blood sample, the cats were sacrificed under deep pentobarbital anesthesia with transcardiac perfusion. Perfusion was initiated with 500 cc of normal saline at 80 to 100 mm Hg and concluded with fixation using 10% buffered formalin. Brains were removed, further fixed in formalin, and sectioned for gross and microscopic analysis. Glucose samples were initially frozen, stored at -70~ and later analyzed in batches on a Beckman glucose analyzer. Epinephrine and NE were analyzed by radioenzymatic assay 3' 8' 31' 33 (see below).
Assay for Epinephrine and Norepinephrine in Plasma
In the assay for E and NE in plasma, the enzyme catechol-O-methyl-transferase (COMT) is used to catalyze the transfer of a tritiated methyl group from Sadenosyl-L-methionine [3H-methyl] (3H-SAM) to E and NE contained in an aliquot of plasma during a 1-hour 37~ incubation at a Tris-buffered pH of 8.5 in the presence of Mg 2+ and glutathione as an antioxidant.
The resulting products, 3H-metanephrine and 3H-normetanephrine, are purified by solvent extraction and isolated by thin-layer chromatography. After elution from the silica gel, they are converted to 3H-vanillin by peroxidate oxidation and extracted into Liquifluor. The radioactivity attributable to each catecholamine is determined by scintillation counting. It is proportional to the quantity of E and NE being analyzed.
Blanks are run with each set, and internal standards are run with each unknown. A control sample is also included with each set. The assay is sensitive to 2 pg per tube and linear to at least 1000 pg per tube.
The enzyme COMT is a partially purified preparation from the livers of rats that are killed by decapitation, bled, and the livers excised immediately and placed on ice. The tissue is then homogenized in isotonic KC1 and centrifuged at 75,000 G. The supernatant is titrated to pH 5 with acetic acid (1 M), and the precipitate that forms after 20 minutes is removed by centrifugation. The supernatant fluid is then fractionated with ammonium sulfate. The 30% to 55% precipitate is redissolved in water and reprecipitated 0% to 55 % with ammonium sulfate. This precipitate is redissolved in 1 mM Tris buffer containing dithiothreitol (0.1 mM) and dialyzed versus this same buffer for 16 to 18 hours with three changes of buffer, centrifuged to remove precipitates, and frozen in experimental-size aliquots.
Results
The general catecholamine response to the injury is illustrated in Fig. 3 . This is a log-log plot of catecholamine values obtained from three animals injured at 2.83 _ 0.06 atm. Within 10 seconds of injury, circulating E had reached a level of 65,600 + 5500 pg/ml from a resting level of 180 +_ 85 pg/ml, a rise nearly 400-fold greater than baseline levels. Norepinephrine increased from 178 ___ 10 pg/ml to 17,900 +_ 3100 pg/ml, a 100-fold increase or 10,000% over resting values. The subsequent samples demonstrated an initial logarithmic rate of fall but which had not reached baseline by 1 hour; at that time E averaged six times baseline while NE was still twice normal levels.
The response of serum glucose was, by comparison, less dramatic. It rose from about 140 mg% in these three animals to over 500 mg% at 500 and 1000 seconds, then began a slow decline. Figure 4 shows the * All coefficients have been calculated after the conversion of data to natural logarithm, r = correlation coefficient; p = probability; SABP = systemic arterial blood pressure; ET-COz = end-tidal CO2; HR = heart rate; ICP = intracranial pressure; E = epinephrine; NE = norepinephrine. * All coefficients have been calculated after the conversion of data to natural logarithm, r = correlation coefficient; p = probability; SABP = systemic arterial blood pressure; ET-CO2 = end-tidal CO2; HR = heart rate; ICP = intracranial pressure; E = epinephrine; NE = norepinephrine.
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immediate catecholamine response correlated with serum glucose in a cat injured at 2.9 atm. In this animal, the glucose content rose to over 400 mg% by 1 hour. This general pattern of response was characteristic of the entire range of injuries. There was an immediate peak in E and NE levels by 10 seconds; both of these values decayed logarithmically. Decrease in E values occurred slightly faster than the decay of NE. In this animal the glucose rose to over 400 mg% by 1 hour. Also, there was a tendency for some of the animals to show a peak in NE somewhat later than the 10-second peak seen with E.
Catecholamine release directly related to injury severity. The correlation coefficients for In (E) and In (NE) versus In (atm) injury level were 0.82 and 0.81 (p < 0.0001) at 10 seconds postinjury (Table 1) . These values were slightly higher at 100 seconds (r = 0.88 for E and r = 0.89 for NE, both p < 0.0001) ( Table 2 ). Figure 5 is a plot of the peak catecholamine value versus injury severity. Note the faster rise of the E concentration to a higher peak value. The correlation between injury severity and catecholamine concentration remained throughout the next hour, although it declined somewhat (Tables 3 to 5 ). The correlation between E and NE also remained very high throughout the experiment.
The correlation between peak catecholamine release and peak SABP is very high (E versus SABP = 0.86, and NE versus SABP = 0.91; both p < 0.001) ( Table  6 ). The SABP correlated with ICP at 100 seconds (r = 0.82, p < 0.0001, with the 10-second value significant but much lower at r = 0.50, p = 0.032). Beyond 100 seconds the relationship disappeared. The relationship between SABP and heart rate was poor until 1 hour, where it reached r = 0.73 (p < 0.002). Prior to this the coefficients were approximately 0.5 (p < 0.06). * All coefficients have been calculated after the conversion of data to natural logarithm, r = correlation coefficient; p = probability; SABP = systemic arterial blood pressure; ET-CO2 = end-tidal CO2; HR = heart rate; ICP = intracranial pressure; E = epinephrine; NE = norepinephrine. * All coefficients have been calculated after the conversion of data to natural logarithm, r = correlation coefficient; p = probability; SABP = systemic arterial blood pressure; ET-CO2 --end-tidal CO2; HR = heart rate; ICP = intracranial pressure; E = epinephrine; NE = norepinephrine. * All coefficients have been calculated after the conversion of data to natural logarithm, r = correlation coefficient; p = probability; SABP = systemic arterial blood pressure; ET-CO2 = end-tidal CO2; HR = heart rate; ICP = intracranial pressure; E = epinephrine; NE = norepinephrine. * All coefficients have been calculated after the conversion of data to natural logarithm, r = correlation coefficient; p = probability; SABP = systemic arterial blood pressure; ET-CO2 = end-tidal CO2; HR = heart rate; ICP = intraeranial pressure; E = epinephrine; NE = norepinephrine. . 6 . Serum glucose is plotted as a ratio of the peak concentration versus injury level (not converted to a log scale). As injury level increases, so does the peak glucose concentration.
Glucose peaked at 500 seconds (Fig. 4) , and correlated highly with the 10-second peak in E (r = 0.69, p < 0.005) and NE (r = 0.76, p < 0.001); predictably, there was also a high correlation with injury level (r = 0.63, p < 0.01) (Fig. 6 ). Other relationships emerged between the glucose level and CO2 (r = -0.65, p < 0.01) and heart rate (r = 0.50, p < 0.05). The physiological response of a cat with a low-level (1.7 atm) injury is related to catecholamine release. Note that the systemic arterial blood pressure (SABP) response was maximal at the catecholamine peak, yet fell rapidly even though epinephrine (E) and norepinephrine (NE) still remained elevated two-to threefold. ET-CO2 = end-tidal CO2.
The correlation of catecholamine release with other physiological variables was generally transient and poor. The ICP correlated with E and NE at 100 and 500 seconds after injury. Values before and after this time were poorly related. At 500 seconds, there was a strong correlation (r = 0.74, p < 0.002) with glucose level and ICP which persisted at 1000 seconds.
Heart rate had a poor relationship to catecholamine release throughout the period of recording. There did appear to be a weak correlation between heart rate and ICP early after injury (10 and 100 seconds) but this soon disappeared.
End-tidal CO2 varied in a biphasic manner (Fig. 7) . At 100 seconds after injury it was lower than baseline with a negative correlation with systemic pressure (r = -0.70, p = 0.002) and a similar relationship with E (r = -0.71, p < 0.002) and NE (r = -0.72, p < 0.002). However, by 1 hour after injury, end-tidal CO2 had risen again and the correlation with SABP had reversed sign (r = 0.61, p < 0.02).
The essential findings were that both NE and E increased in parallel as a function of injury severity. Glucose also increased directly with injury but with much greater latency than did the catecholamines.
Systemic pressure generally correlated highly with catecholamine release. Other physiological variables, such as ICP and heart rate, did not correlate consistently well across time, although at certain phases of the injury important and significant relationships did emerge. As expected, there tended to be strong intercorrelations among the data.
Discussion
Beckman and Iams 4 reported strikingly increased values for circulating norepinephrine, epinephrine, and dopamine after lethal mechanical head injury in the cat. They withdrew blood from the heart of cats at 5 to 15 seconds, 30 to 60 seconds, and 90 to 120 seconds postinjury for comparison with preinjury values. They demonstrated a nearly 100-fold (10,000%) increase in NE by 5 to 15 seconds postinjury which declined by half at 30 to 60 seconds and then rose again to 100-fold baseline values at 90 to 120 seconds after injury. Epinephrine followed a similar trend, rising to 400 times resting values at 5 to 15 seconds, falling to about 100 times baseline at 30 to 60 seconds and rising again by 90 to 120 seconds postinjury to a value about 125 times greater than baseline levels.
The overall agreement in peak NE and E levels with our peak values was nearly perfect. However, we did not demonstrate the secondary rise in catecholamines found by these authors, and attribute this to the absence of secondary stress in our cats. Beckman and Iams 4 allowed their animals to become apneic, hypoxic, and convulse during the course of catecholamine sampling while our results were obtained from ventilated, paralyzed, and anesthetized cats. Additionally, we were able to monitor multiple physiological variables and relate these to catecholamine release across a wide range of injuries.
The first major finding was the relationship between injury level and the release of catecholamines. At low levels of concussion (0.5 to 1.5 atm) there was only a minimal release of circulating catecholamine, and this related nicely to only minimal and very transient alterations in SABP, ICP, and pulse. At this level of injury, the mortality and morbidity rates have been found to be nil. 23 '38'44 As the injury level increased (1.5 to 2.5 atm), catecholamine release increased logarithmically and remained closely correlated with systemic pressures. Previous work has shown that mortality within this range of injury approached 30% to 40%, with an additional 20% mortality occurring within 24 hours. 23 ' 38' 44 As the injury severity increased to 2.5 to 3.5 atm (70% to 100% immediate mortality), the relationship remained close but other physiological responses were becoming disorganized. Beyond this level of injury there was no real additional change in catecholamine release. Therefore, supramortal levels of impact were associated with more and more rapid death of the animal and a disorganized physiological response, but no further increment in catecholamine release.
We had earlier theorized that the log-linear rise and then fall in SABP appeared to be generated by a single event that decayed in a regular fashion? 8 It appears that the rapid rise in catecholamine level was this event. Given a ventilated animal, the rise and fall in catecholamine level closely paralleled the SABP until about 500 seconds after injury. At this time, catecholamines were still elevated markedly but the blood pressure continued to fall (in cats with moderate and severe injuries). This had previously been noted by Denny-Brown and Russell, ~2 Thompson and Malina, 43 Hayes, et aL, 23 Millen, et aL, 28 Rosner, et aL, 38 , and other investigators. 27'32 '34 It would appear that an additional factor had become involved by 500 seconds after injury which was capable of counteracting the pressor effect of catecholamines. Denny-Brown and Russell ~2 noted that this period of relative hypotension was associated with marked vasoconstriction, which is consistent with the high levels of NE found by us. Given normal or increased peripheral vascular resistance (PVR) in the face of a failing blood pressure, there must be a cardiogenic or venous defect. Previous observations in this model prove that the CVP is normal or slightly above normal at this time, which makes decreased venous return unlikely as an explanation for these events. Similar observations in missile injury show right atrial pressures to be high. 27 The studies of Levett, et al., 27 suggest that PVR changes only transiently after lethal, or near lethal, missile wounds. By 10 minutes, PVR had returned to normal. Thus, in severe missile injury to the brain, the falling blood pressure was associated with normal PVR; these investigators also calculated decreased cardiac index (CI) and stroke volume index (SI) and noted that both reached their lowest point by 5 minutes. Levett, et al., claimed that the 5-and 10-minute points were the only statistically significant changes; however, only the t-test was used and many real changes in these hemodynamic variables appear to have been ignored due to a statistic of inadequate power. Their data actually suggest that CI, SI, and PVR are all low postinjury and recover only slowly.
Arrhythmias occur in this model as well as in others after injury, and potentially explain hypotension. Evans, et al., ~6 have shown that they can be prevented by cholinergic blockade (pretreatment) in brain-injured monkeys. Denny-Brown and Russell ~2 also thought that most of the arrhythmia following concussion was vagal in origin. However, by the time hypotension began to occur, cardiac arrhythmias had resolved in our model and did not suffice as an explanation. In animals with a more severe decline in SABP, tachycardia was likely to occur 38 (also noted by Denny-Brown and Russell'2). This suggests that decreased CI and/or decreased SI, and perhaps decreased myocardial contractility may be at fault. Levett, et al., 27 and Brown, et al., 5 did demonstrate both:after lethal penetrating injury SI and CI dropped to about 60% of control values by 5 minutes. They remained low for the remainder of the observation period and never returned to baseline.
In 1971, Hawkins and Clower 22 reported that myocardial necrosis occurred with head injury and suggested catecholamines as a factor. Intramyocardial hemorrhage has also been observed in a similar setting. 2~ Millen, et al., 28 demonstrated high left ventricular enddiastolic pressure after fluid-percussion injury and generally related this to hypertension. However, they also noted that cardiac failure could have been a component of this response. 28 The clinical significance of myocardial depression as a result of such a catecholamine "storm" should not be dismissed. Clifton, et al., 7 have also discussed this issue after finding persistently high catecholamine levels in humans. Similarly, since the time course of the hypotension is short, the contribution of transient "central" hypotension to ischemic change jn the injured brain must be considered. Patients may well have been injured, experienced significant hypotension with massive perfusion pressure insults, and yet have recovered their systemic pressure before a first determination could be made.
Graf and Rossi 2~ found that the initial decline in blood pressure in response to an expanding mass lesion occurred without elevation in circulating catecholamines. Arrhythmias took place while the SABP was declining; although they were not well studied, the arrhythmias seemed to be bradyarrhythmias during the period when catecholamines remained at baseline. As the mass lesion was expanded and cerebral perfusion pressure (CPP) reduced further, there occurred an abrupt rise in E, NE, and dopamine. The catecholamine increase was related to SABP, which rose nearly 100% at the time of peak ICP and the development of tachyarrhythmias. Of equal interest was the next 30-minute period, when SABP declined and the animals died in "cardiovascular collapse." Serum catecholamines were still elevated several-fold during this phase of"collapse." The authors reported one dog that showed massive intramyocardial hemorrhage, and the basic issue appears to be decreased myocardial function during this phase.
Thus, there appear to be three phases in the cardiovascular response to brain injury, which occur as a function of severity and time. The first is a period of bradycardia, mild decline in blood pressure, and little or no change in catecholamine level. It is probably vagally mediated, and occurs with mild ischemic 2~ or percussion brain injuries 38 and is of little consequence.
The second phase is a massive rise in systemic pressure, tachyarrhythmia-bradyarrhythmias, and very high circulating catecholamines. The cause is likely massive sympathoadrenal discharge via the spinal sympathetic nervous system involving adrenal tissue and peripheral vasoconstrictive sympathetic nerve terminals, and is proportionate to injury severity. It is prominent in moderate and severe ischemic, 2~ missiley 7 and percussion 38 injuries.
The third phase is cardiovascular collapse associated with varying arrhythmias, progressive hypotension, and moderately elevated catecholamine levels. Myocardial damage induced by massive catecholamine release and subsequent heart failure with decreased contractility and stroke volumey 7 interacting with arrhythmias and falling PVR, leading to systemic hypotension may contribute to this series of events. Progressive acidosis will also potentiate the decrease in myocardial contractility. 20, 42 Decreased myocardial function may not all relate to catecholamine-induced injury. The adrenal has been shown to be a source ofopioid substances, which appear to be released in concert with catecholamines and are a complex of several different opiate/enkephalin peptides. 45'46'48 The systemic effects of these potent compounds are complex, and may relate to the therapeutic use of naloxone in the treatment of shock and hypotension.10'l 1.~7. 23 The demonstration of enkephalins present in the secretory vesicles of adrenal chromaffin tissue forms the basis for the theory of co-release of these substances during brain injury. This argument is strengthened by the finding that catecholamine and opiate-like substance release is linked at a constant molar ratio (14,000:1) and stimulated by the same secretagogues. 45' 46' 48 These agents depress myocardial function and also reduce PVR, 46 both of which are now known to occur with brain injury.
The observation by Hayes, et al., 23 that naloxone may reverse the hypotension following fluid-percussion injury may well relate to peripheral effects of naloxone blocking peripherally circulating and acting opiates. The periphery may be the major site of action of naloxone rather than presumed central areas; however, these mechanisms (peripheral versus central) are mutually compatible. The important point is that depressed myocardial function after brain injury may be the result of endogenous pharmacological agents (opioids) as well as potential catecholamine damage. Adrenal opioid substances may also provide an explanation for lower PVR at a time when E and NE remain elevated by orders of magnitude.
While cerebral ischemia may stimulate catecholamine release, 2~ at the moment of impact and maximal catecholamine response the CPP is elevated in this model, 38 and other evidence suggests that blood volume and oxidation of cerebral cytochromes has increased with the increase in CPP.~3 Thus, catecholamine release was probably stimulated by direct neuronal activity discharging via the sympathetic nervous system.
The close association between catecholamine peaks and hyperglycemia in this model does suggest a causal relationship. This has been well demonstrated in other systems. While the degree of hyperglycemia was impressive (a 200% or greater increase of glucose was found at the high levels of injury), its importance is uncertain; however, we have observed that brain-injured patients are often hyperglycemic. Occasionally this has been attributed to steroids, but it occurred in patients not receiving steroids and was usually present in the emergency room at the first determination of blood glucose levels.
The potential significance of this hyperglycemia is perhaps greater than is initially apparent. Ginsberg, et a/., ~8,47 have reported significantly worsened outcome after ischemic injury in glucose-loaded versus fasted animals. Other investigators have now confirmed the deleterious effects of glucose loading and hyperglycemia after ischemic injury. 26' 35' 36 There is growing evidence to suggest that this is related to potentiation of cellular and tissue lactic acidosis due to increased lactic acid production brought about by mass action in the face of a diminished capacity for oxidative metabolism. 35 ' 36 Since most of this work has been carried out in models ofischemia, 29 the relevance to mechanical brain injury is obscure. However, investigators have shown profound increases in cerebrospinal fluid (CSF) lactate after trauma, ~''5'2' have directly related lactic acidosis in CSF to poor outcome, 9' 19' 39' 4~ and have demonstrated progression of this lactic acidosis with worsening of the clinical condition. 9'9' 4~ It is of interest to note that Clifton, et al., 7 have indeed demonstrated high levels of circulating catecholamines in brain-injured patients several days after injury. The highest levels occurred in patients with brain-stem injuries. It is also the patient with the brainstem injury who has the worst prognosis and who has been demonstrated to have the greatest degree of CSF lactic acidosis. 19 Again, the actual relevance of this must at present be considered speculative.
The subsequent changes in ICP reflect the intense nature of the hypertensive insult. At low levels of injury, the ICP rises transiently with SABP and then reverses itself as autoregulation becomes effective? 7'3s As the injury and hypertensive response increase in severity, the ICP increase continues but autoregulation becomes progressively impaired. With more severe insults, cerebral vasoconstriction does not occur and will not abort the ICP increase as it does at lower levels of injury. This may explain why ICP correlates well with level of injury for the first 1000 seconds, but relatively poorly with blood pressure response. The ICP and blood pressure relate in a bimodal fashion and the correlation disappears when all injury levels are lumped statistically. This phenomenon has been recently examined. 37 A similar argument explains the relative lack of correlation between injury level and heart rate. At low injuries the predominant response is bradycardia, while at high injuries it is tachycardia. 38 While there is a clear tendency for higher injuries (r = 0.50, p < 0.05) and SABP (r = 0.73, p < 0.005, 3600 seconds) to correlate with heart rate, it is only at the later periods after injury where this is most evident.
Conclusions

1.
We have demonstrated that a massive catecholamine release occurs immediately with injury. This release is not dependent upon ischemia or high ICP. The magnitude of the release is directly related to the severity of trauma and to our knowledge represents the first demonstration of graded ability of the sympathoadrenal axis to respond to "stress." The maximum response is attained at an injury level of about 2.7 to 3.0, above which there is little further change. This implies that the maximal sympathoadrenal discharge under other circumstances as well as brain injury may increase NE 100-fold and E 400-to 500-fold. However, the ability of the system to sustain these levels is uncertain. Once the "stimulus" has been eliminated, the fall to baseline levels is logarithmic.
The initial release of catecholamines appears to be adrenal and from peripheral vasoconstrictor noradrenergic nerves because of the 3:1 to 4:1 ratio of E:NE. As time passes, this ratio declined and NE remained elevated longer, suggesting that the later predominance of NE is due to continued release from noradrenergic nerve terminals associated with the vasculature.
2. While statistical association does not necessarily imply causality, it seems highly likely that the release of catecholamines after injury does causally relate to hyperglycemia. As discussed above, the importance of hyperglycemia is as yet unclear, but may be significant if it potentiates cellular and tissue lactic acidosis.
3. It also seems likely that catecholamine release is responsible for the hypertensive response to injury. The nonspecificity of hypertensive reaction to injury, be it mechanical, ischemic, electrical, or tissue laceration, implies that the release of catecholamines may be a common factor in these responses.
4. Post-concussive hypotension is not caused by collapse of the sympathoadrenal discharge. At the time that SABP is falling, NE and E remain elevated manyfold. These elevations are greatest at levels of injury most commonly associated with post-injury hypotension. Cholinergic mechanisms (vagaUy mediated) and morphine receptor-based mechanisms seem likely to be major elements in this decline, but myocardial damage secondary to very high NE and E levels remains a possibility.
5. It seems likely that massive sympathoadrenal discharge is a major factor in the systemic response to cranial and spinal injuries. Many of the metabolic and physiological consequences of injury are well explained by high levels of circulating catecholamines and concomitantly released opioid substances. The biochemical events that may be set in motion by this intense catecholamine "storm" remain an exciting and potentially rewarding area of investigation in the study of brain injury.
